. The α1 ORF encodes a 10n6 kDa polypeptide which contains hydrophobic and highly basic regions characteristic of a viroporin. The α2 ORF encodes a 13n7 kDa polypeptide and overlaps the α3 ORF which encodes a 5n7 kDa polypeptide. The β coding
Introduction
Bovine ephemeral fever virus (BEFV) is an arthropod-borne rhabdovirus which has been classified as the type species of the genus Ephemerovirus (Wunner et al., 1995) . It occurs in tropical and subtropical regions of Africa, Asia, Australia and the Middle East causing a disabling febrile infection in cattle and water buffaloes (St George, 1990) . BEFV is serologically related to several other rhabdoviruses which infect cattle including Adelaide River virus (ARV), Berrimah virus and Kimberley virus (Calisher et al., 1989) and these have also been classified in the genus Ephemerovirus (Wunner et al., 1995) . Like other rhabdoviruses, BEFV virions are bullet-or cone-shaped (Murphy et al., 1972) , comprising a ribonucleoprotein complex and an envelope and containing a negative single-stranded RNA genome and five structural proteins (Della-Porta & Brown, 1979 ; Walker et al., 1991) . Amino acid sequence analysis of the BEFV nucleoprotein (N) has indicated a close relationship to that of ARV and similarity to other animal rhabdoviruses with higher overall homology to vesiculoviruses than to lyssaviruses Wang et al., 1995) . However, the BEFV and ARV genomes are more complex than other rhabdoviruses as each contains two consecutive glycoprotein genes (Walker et al., 1992 ; Wang & Walker, 1993) . The first encodes the virion envelope glycoprotein (G) which contains type-specific and neutralizing antigenic sites (Cybinski et al., 1990) and protects cattle against experimental infection (Uren et al., 1994 ; Hertig et al., 1996) . The second gene also encodes a class 1 transmembrane glycoprotein (G NS ) which has not been detected in virions and does not induce a protective or neutralizing immune response (Walker et al., 1991 (Walker et al., , 1992 Hertig et al., 1996) . The G and G NS proteins are related to each other both in structure and in amino acid sequence and to virion G proteins of other rhabdoviruses and appear to have arisen by gene duplication (Wang & Walker, 1993) .
We have also shown that, in ARV, a 1n2 kb region between the G NS and L genes contains three long open reading frames (ORFs) designated α1, α2 and β . The products of these ORFs have not yet been identified in ARVinfected cells but a protein equivalent in size to the β gene product has been detected in virions (Wang & Walker, 1993) . In this paper, we describe the organization of the G NS -L intergenic region in Australian and Chinese strains of BEFV. We show that the region is structurally conserved in each strain and has a complex organization and transcription strategy which is similar to but distinct from that of ARV, including five long ORFs, polycistronic mRNAs and overlapping transcription initiation and termination-polyadenylation signals at the start of the L gene.
Methods
Virus and cells. The BB7721 strain of BEFV was isolated in 1968 from the blood of an infected cow at Charters Towers, Australia (Doherty et al., 1969) . The Beijing-1 strain of BEFV was isolated from the blood of an infected cow at Beijing, China in 1976 (Bai et al., 1987) . The viruses were grown in BHK-21 cells at 37 mC in RPMI 1640 or BME medium supplemented with 14 mM HEPES, 10 % foetal calf serum, 100 U\ml penicillin and 100 µg\ml streptomycin as described previously (Walker et al., 1991 (Walker et al., , 1992 .
RNA purification. Viral genomic RNA and total cytoplasmic RNA were prepared as described by Walker et al. (1992) . Poly(A) + RNA was purified from total cytoplasmic RNA by oligo(dT)-cellulose chromatography as described by Sambrook et al. (1989) . cDNA synthesis and cloning. Synthesis of BB7721 cDNA was done using the cDNA synthesis system plus kit (Amersham) according to the manufacturer's modification of the method of Gubler & Hoffman, (1983) . First-strand synthesis from genomic RNA template was initiated with random hexanucleotide primers (Amersham) or the synthetic primer N.1B (5h AGTTTTGCATCAGGGAGTGCAAGA 3h) as described by Walker et al. (1992) . Double-stranded cDNA was filled in by using T4 DNA polymerase to obtain blunt ends and cloned into the SmaI site of pUC18 or cut with EcoRI and cloned into the multiple cloning site of pGEM-7Zf(j) (Promega).
Synthesis of Beijing-1 cDNA was carried out on total RNA isolated from Beijing-1 infected BHK-21 cells (1 p.f.u. per cell) using random hexanucleotide primers and a M-MLV (H − ) RT system (Promega). The cDNA was amplified by PCR using the primers NV-A (5h TTGCAACAGGCAATGGAG 3h) and NV-L (5h TTCATGGATTCC-TGTTATTT 3h), representing nucleotides 46-63 and 1601-1618, respectively, of the BB7721 sequence shown in Fig. 2 .
DNA sequencing and sequence analysis. cDNA clones and subclones of BEFV BB7721 were sequenced using T7 DNA polymerase (Sequenase version 2.0, United States Biochemical) as described by Walker et al. (1992) . All sequences were confirmed on both DNA strands. Direct RNA sequencing was done on BEFV poly(A) + RNA by the hot primer method of Geliebter et al. (1986) using synthetic primers NV2.2 or NV3.JC (Fig. 2) . Beijing-1 PCR products were sequenced directly by automated thermal cycle sequencing (Applied Biosystems). Two independent PCR products were sequenced to avoid erroneous readings caused by artificial mutations introduced during the amplification process. Sequence alignments, identification of ORFs and translation and analysis of protein sequences were done by using the IBI MacVector version 3.5 software. Database searches for protein sequence similarity were done using the ANGIS computing facility, University of Sydney. Protein sequence similarity searches were done using the FASTA version 1.5a algorithm of Pearson & Lipman (1988) .
Northern blot analysis. Double-stranded DNA was amplified by PCR from BEFV cDNA clones by using synthetic oligonucleotide primers. $#P-labelled DNA probes were prepared from the PCR products, by using the Gigaprime random-prime labelling kit (Bresatec), and purified by separation in Biospin p30 spin columns (Bio-Rad). Northern blot analysis was done on poly(A) + RNA transferred from formaldehydeagarose gels to Hybond-C nitrocellulose membranes (Amersham) according to the methods described by Sambrook et al. (1989) .
Synthetic oligonucleotide probes were labelled with [γ-$#P]dATP by using T4 polynucleotide kinase (Promega) as described by Sambrook et al. (1989) . Northern blot analysis was done on poly(A) + RNA transferred from formaldehyde-agarose gels to positively charged nylon membranes (Boehringer Mannheim). Prehybridization was done for 2 h at 41 mC in Quickhyb solution (Stratagene). Hybridizations using $#P-labelled probes were done overnight at 41 mC and membranes were washed according to the procedure described by Brown (1991) .
Results and Discussion cDNA cloning and sequencing strategy
The clones used for the BB7721 nucleotide sequence analysis are shown in Fig. 1 . A long genomic clone (g207) spanning a 7 kb region downstream of the N gene (Walker et al., 1992) was used to produce subclones g207-11, g207-17 and g207-45 by digestion with KpnI, XbaI and BamHI, respectively. Further subclones of g207-17 and g207-45 were produced by unidirectional ExoIII deletion and panels of overlapping clones were sequenced. Two regions, for which sequence could not be obtained from available clones, were sequenced using four oligonucleotide primers complementary to known sequences in g207-17. Several other clones were obtained by random priming on genomic RNA. Clone g14 overlapped the G NS ORF extending to the polyadenylation sequence [CATG(A) ( ] and into an ORF immediately downstream. Clones g31.1, g238 and g219 overlapped clone g207 extending to the polyadenylation signal [CATG(A) ( ] and a downstream ORF which displayed extensive amino acid similarity to the N-terminal region of the ARV L protein . A compilation of overlapping sequences from these clones produced a continuous sequence extending from a locus within the terminal portion of the G NS gene to the start of the L gene.
To confirm the structure determined for the G NS -L intergenic region of the BB7721 strain, the corresponding region in the Chinese Beijing-1 strain was also sequenced. Sequencing templates for Beijing-1 were obtained by RT-PCR BDBA Fig. 1 . Map of BEFV PCR-generated and synthetic oligonucleotide hybridization probes and cDNA clones used for nucleotide sequence analysis. Arrows indicate the location of terminal sequences obtained from the cDNA clones and from subclones generated by progressive ExoIII digestion. The shaded region of the genome map indicates the location of the reported 1622 nt sequence. The origin of the kb scale is at the 3h terminus of the negative-strand RNA genome.
by using specific primers derived from BB7721 sequences that flanked the region.
Nucleotide sequence of the BEFV G NS -L intergenic region
The sequence of the 1622 nt region of the BEFV BB7721 genome located immediately downstream of the G NS gene is shown as positive-sense DNA in Fig. 2 . The corresponding nucleotide and amino acid sequences of the Beijing-1 strain, where they differ from those of BB7721, are also shown. The sequence contains three coding regions (α, β and γ), each of which is bounded by consensus transcription initiation and polyadenylation-like sequences. The α coding region of 638 nt begins 37 nt downstream of the G NS gene polyadenylation signal [CATG(A) ( ] and contains three long ORFs (α1, α2 and α3). The α1 ORF comprises 264 nt, commencing 3 nt downstream of the transcription initiation sequence (AACAGG). The α2 ORF follows the α1 ORF terminating at a stop codon immediately preceding the putative α polyadenylation sequence [CTTG(A) ( ]. In BB7721, the α2 ORF has two potential initiation codons located 1 and 13 nt downstream of the α1 stop codon. However, the second initiation codon, which is in a more favourable position and may be preferred in BB7721, is not present in the Beijing-1 sequence (Fig. 2) . In both strains the 153 nt α3 ORF overlaps the α2 ORF and contains an initiation codon in a highly favourable position. The β coding region of 493 nt begins 39 nt downstream of the putative α polyadenylation sequence and contains one long ORF of 321 nt. The β ORF begins 5 nt downstream of the transcription initiation consensus sequence (AACAGG) and ends at a stop codon 118 nt upstream of the polyadenylation-like signal [CATG(A) ' ]. The sequence following the β stop codon continues as an uninterrupted ORF to the next stop codon at the β polyadenylation-like sequence, but contains no in-frame initiation codon. The presence of the β stop codon was confirmed by direct sequencing of poly(A) + RNA from BB7721-infected cells by using a synthetic oligonucleotide primer (NV2.2) (Fig. 2) . The γ coding region of 400 nt contains one long ORF of 342 nt which begins 5 nt downstream of the transcription initiation consensus sequence (AACAGG) and ends at a stop codon 34 nt upstream of the putative polyadenylation signal [CATG(A) ( ]. In Beijing-1, the γ transcription initiation consensus sequence has been modified to AACCGG. This sequence does not correspond to the consensus sequence common to all other genes of BEFV and ARV (Wang & Walker, 1993) and may not be functional for transcription initiation. If so, translation of the γ ORF in Beijing-1 may only occur from a β-γ bicistronic mRNA. The L gene is located immediately downstream of the γ ORF. In each strain, the L gene transcription initiation sequence is located 10 nt upstream of the γ gene polyadenylation signal resulting in an overlap of 21 nt of the γ and L genes.
Nucleotide sequence alignment of the intergenic G NS -L regions of the two BEFV strains indicated that the organization BDBB Fig. 2 . Nucleotide sequence and deduced amino acid sequence of positive-sense cDNA obtained from the 1622 bp region of the BEFV BB7721 genome. For Beijing-1 the nucleotides and amino acids that differ from BB7721 are shown above and below the corresponding residues of BB7721, respectively. Putative consensus sequences (AACAGG) marking the start of the α, β, γ and L coding regions are indicated with arrows showing the direction of transcription. Putative polyadenylation sequences at the ends of the G NS , α and γ coding regions and a polyadenylation-like sequence located at the end of the β ORF are underlined. The locations of synthetic oligonucleotides NV1.2, NV2.2 and NV3. JC, respectively, used as hybridization probes and as primers for direct RNA sequencing are indicated as dashed lines above the sequence with arrows indicating the orientation of the primers relative to the positive-strand DNA sequence. Hydrophobic (unshaded) and highly basic (shaded) domains in the α1 ORF are boxed. A triple repeated sequence motif within the α2 ORF is bracketed. Fig. 3 . Clustal V multiple sequence alignments of polypeptides encoded in the BEFV BB7721, BEFV Beijing-1 and ARV α1, α2 and β ORFs. Conserved (*) and functionally similar (.) amino acids are indicated below the aligned loci. Hydrophobic and highly basic domains in the α1 proteins are shown in bold and different amino acids between BB7721 and Beijing-1 are underlined. Functional similarity has been assigned according to groups (I, L, V, M ; F, W, Y), (P, G ; S, T, A) (D, E ; N, Q) (K, R, H) and (C) as described by Poch et al. (1990) .
of the α-β-γ genes was highly conserved (Fig. 2) . The 1527 bp region of Beijing-1 amplified by PCR differed from BB7721 by 131 nt (91 % identity), which resulted in a total of 51 amino acid changes in the five long ORFs.
Deduced amino acid sequence of polypeptides encoded in the BEFV G NS -L intergenic region
The deduced amino acid sequences of the proteins encoded in the five long ORFs are shown in Fig. 2 . The α1 ORF encodes a basic polypeptide of 88 amino acids with a calculated M r of 10693 (BB7721) and 10641 (Beijing-1). The putative product is similar in structure to the putative ARV α1 protein containing a central hydrophobic domain of 16 amino acids bounded by arginine residues and a highly basic Cterminal domain in which 12 of 18 amino acids are lysine or arginine residues. An alignment of the α1 protein amino acid sequences indicated little similarity other than in the distinctive structural domains (Fig. 3) . The presence of a highly hydrophobic region bounded by charged residues in the BEFV and ARV α1 proteins suggests that they may function as viroporins (reviewed by Carrasco, 1995) . Viroporins are believed to be responsible for inducing cytopathic effects during virus infection by modifying membrane permeability. This function is consistent with the observation that expression of α1 by recombinant baculoviruses in insect cells results in specific morphological changes and cell lysis (Dhillon, 1996) . Small hydrophobic proteins have been described for other negative single-strand RNA viruses including paramyxoviruses and orthomyxoviruses (Collins & Wertz, 1985 ; Hiebert et al., 1988 ; Williams & Lamb, 1988 ; Zebedee & Lamb, 1988 ; Takeuchi et al., 1991) but these share no significant amino acid sequence similarity with the BEFV α1 protein.
The α2 ORF, commencing from the first ATG in BB7721, encodes a polypeptide of 116 amino acids with a calculated M r of 13 680 (14 100 for Beijing-1 protein). The BEFV α2 protein is smaller and more basic than the putative ARV α2 protein with which it displays little sequence similarity . The BEFV α2 protein features an unusual triple repeat of isomers of the sequence [KLMEE] at intervals of four residues (Fig. 2) . This arrangement is absent from the ARV α2 protein (Fig. 3) and its significance, if any, is not known. The α3 ORF, which is absent from ARV, overlaps the α2 ORF and encodes a polypeptide of 51 amino acids with M r values of 5723 and 5837 in BB7721 and Beijing-1 strains, respectively.
The BEFV β gene encodes a polypeptide of 107 amino acids with a calculated M r of 12 288 for both strains. The product is smaller than the putative ARV β protein due to the location of the termination codon which generates a long 3h non-coding region in the BEFV β gene (Fig. 3) . Sequence alignment of the BEFV and ARV β proteins shows some amino acid sequence similarity which extends beyond the stop codon into the sequence derived from the 3h non-coding region (Fig. 3) . The conservation of these sequences suggests that the truncation of the BEFV β protein is a relatively recent event. A protein corresponding in size to the ARV β protein has been reported in virions (Wang & Walker, 1993 ) but a similar structural protein has not yet been detected in BEFV. The BEFV γ gene, which is also absent from ARV, encodes a polypeptide of 114 amino acids with a calculated M r of 13 466 in both BB7721 and Beijing-1 strains.
A search of the combined protein databases by using the FASTA algorithm indicated no significant sequence similarity of the five putative products with any of the available sequences. The products encoded in this region have not yet been detected in BEFV virions or in BEFV-infected cells. However, the structural similarity of the region to that of ARV and amino acid sequence similarities between the ARV and BEFV proteins suggest that at least some of the products are likely to be expressed during natural infection, either in cattle or in insect vectors.
Identification and analysis of mRNA transcribed from the BEFV G NS -L intergenic region
Northern blot analysis was done on poly(A) + RNA from cells infected with BEFV BB7721, with either $#P-labelled DNA probes generated by PCR (Fig. 4 1-6 ) or synthetic oligonucleotide probes (Fig. 4 7-10 ) derived from the G NS , α1, α2-α3, β and γ ORFs. The sizes and locations of the probes are illustrated in Fig. 1 . As described previously (Walker et al., 1992) , the G NS DNA probe detected a major 2n0 kb band corresponding to monocistronic G NS mRNA. The α1 and α2-α3 DNA probes each detected a major 0n7 kb product corresponding to the size predicted for polycistronic α1-α2-α3 mRNA. The β and γ DNA probes each detected a major 1n0 kb band corresponding to the size predicted for bicistronic β-γ mRNA. Minor bands were also detected following prolonged exposure to film. These included a 1n6 kb band which was detected by α1, α2-α3, β and γ probes and appeared to be a polycistronic-α-β-γ mRNA, and a 2n7 kb band which was detected by G NS , α1 and α2-α3 probes which appeared to be a G NS -α mRNA. The G NS probe also detected minor bands in the region 1n1-1n5 kb, the origins of which have not yet been determined conclusively. Double-stranded PCR probes also reacted with a high molecular mass band which appeared to correspond to genomic RNA. All probes failed to hybridize with poly(A) + RNA from uninfected BHK cells. Corresponding results were obtained by using PCR probes or synthetic oligonucleotide probes NV1.2, NV2.2 and NV3.JC specific for the α1, β and γ ORFs, respectively.
The existence of bicistronic β-γ mRNA was confirmed by direct RNA sequencing of poly(A) + RNA from BEFV-infected cells by using synthetic oligonucleotide primer NV3.JC complementary to a sequence located 83 nt downstream from the start of the γ gene (Fig. 2) . The mRNA sequence corresponded to that of a direct transcript of genomic RNA, with read-through of the β-γ junction (Fig. 5) . There was no evidence of significant sequence termination at the transcription initiation consensus sequence at the start of the γ coding region other than some pausing of the AMV reverse transcriptase at adenosine residues which is known to occur (Geliebter et al., 1986) . The results indicated that the major transcripts of this region are polycistronic α1-α2-α3 and bicistronic β-γ mRNAs. Small amounts of the longer transcripts appear to occur due to some leakage of transcription termination-polyadenylation signals at the ends of the G NS and α coding regions. No monocistronic α, β or γ mRNAs containing single ORFs were detected. Although BEFV employs the same transcription initiation and termination-polyadenylation sequences, the transcription strategy differs from that of ARV for which the major transcripts are polycistronic G-G NS -α1-α2 and monocistronic β mRNAs . However, as for ARV, expression of the BEFV α2 ORF requires internal initiation of translation, as does expression of the BEFV α3 and γ proteins. As indicated above, the transcription initiation sequence upstream of the γ coding region in Beijing-1 has been modified and may not be functional (Fig. 2) . Although the products have not yet been identified in BEFV-infected cells, each initiation codon is in a favourable position for translation . Evidence of polycistronic mRNAs in rhabdoviruses has been reported. The vesicular stomatitis virus (VSV) proteins Ch and C encoded by the bicistronic P gene are expressed in infected cells (Peluso et al., 1996) . The precise mechanism by which the α1-α2-α3 and β-γ mRNAs function is not known. One possibility is through leaky ribosome scanning as proposed by Kozak (1986 b) . Examination of the sequence in the G NS junction and α ORFs does not reveal the presence of any internal ribosomal entry segment element (IRES) (Jackson et al., 1990 ; Kaminski et al., 1994) .
Sequence duplication in the β and γ genes
As shown in Fig. 6 , a highly conserved sequence occurs at the junctions of the BEFV α-β and β-γ coding regions. At each junction, the conserved sequence extends through most of the intergenic region to a locus 7 nt beyond the translation initiation codon. The best alignment found in BB7721 indicated that 40 of the 51 nucleotides in this region are strictly conserved (allowing four gaps), including 19 of the first 20 nucleotides of the β and γ genes. This region is less conserved in Beijing-1, where 34 of the 51 nucleotides are identical (not shown). Although the conserved region includes transcription initiation consensus sequences and initiation codons, the extent of overall homology in transcribed and non-transcribed regions is unusually high and does not occur at the junction of other BEFV genes. As shown in Fig. 6 , sequences at the BEFV γ-L and ARV β-L gene junctions are also similar, primarily because of alignment of transcription initiation, transcription termination-polyadenylation sequences and the L gene initiation codons. However, in each virus the junction has an unusual structural arrangement in which the L transcription start signal overlaps the termination signal of the preceding gene. This arrangement does not occur at the junctions of other BEFV or ARV genes, but has been reported in pneumoviruses in which the overlap appears to attenuate transcription of the L gene (Collins et al., 1987) . In BEFV and ARV, the L gene overlap appears to have been preserved despite the insertion of the γ gene. The unusual sequence conservation at both ends of the BEFV γ gene suggests that it may have evolved in an ancestral virus by a duplication of the β gene.
We have shown previously that both BEFV and ARV encode consecutive glycoprotein genes and suggest that gene duplication in this region may have occurred by a copy-choice mechanism similar to that which has been shown to generate truncated DI genomes (Walker et al., 1992 ; Wang & Walker, 1993) . By this mechanism an upstream relocation of the polymerase complex and nascent strand during replication may result in duplication of the intervening sequences. In the case of the glycoprotein genes, subsequent evolution of the genome appears to have retained the original reading frame, resulting in structurally related but distinct proteins (Wang & Walker, 1993) . In the case of the BEFV γ gene, a similar sequence duplication may have been accompanied by the selection of a new reading frame. ' Overprinting ' of existing coding sequences has been recognized for some time as a potential source of new genes (Grasse! , 1977 ; Ohno, 1984) . Keese & Gibbs (1992) have suggested that the emergence of overlapping genes by overprinting might constrain optimal adaptation of both genes driving a duplication of the sequence. Indeed, nucleotide substitutions in overlapping ORFs in the P gene of VSV serotypes and Chandipura virus have been observed to be constrained (Bilsel et al., 1990) . We have identified similar arrangements of overlapping ORFs in the BEFV α coding region (Fig. 2) and in the M1 (P) genes of BEFV and ARV (P. J. Walker and others, unpublished data) but an examination of alternate reading frames in the BEFV and ARV β genes has revealed no evidence for overprinting of the γ gene. This is perhaps not surprising in view of the relatively high mutation frequency in RNA virus genomes which may rapidly obscure ancestral origins (Domingo & Holland, 1988) . Whatever the mechanism, rhabdoviruses and paramyxoviruses clearly display the potential to evolve more complex genome structures.
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